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During vertebrate limb development the distal apex of the limb bud ectoderm is induced to form the apical ectodermal ridge
(AER). The presence of the AER is required for the continued outgrowth of the limb bud. Classical embryological studies
have led to the hypothesis that a secreted mesenchymal factor is required to maintain the AER. We have undertaken a
detailed analysis of Dactylaplasia (Dac) mice, a semidominant mutant which displays missing central digits in the fore- and
hindlimbs of heterozygous animals and monodactyly in homozygous animals. Our data show that Dac mice have a defect
in the maintenance of the AER. At E10.5, the mutant AER is found to be morphologically normal. However, by E11.5 the
central aspect of the AER degenerates leaving the anterior and posterior AER intact. In homozygous mice both the central
and anterior AER degenerate, while the posterior extremity of the AER is unaffected. Analysis of BrdU incorporation reveals
that degeneration of the AER is due to a lack of cell proliferation in the mutant AER. The loss of the AER leads to a reduction
in cell proliferation in the subridge mesenchyme at E11.5. The data represent direct genetic evidence for the existence of an
AER maintenance activity that is distinct from AER induction and differentiation. Moreover, the data suggest that the role
of the AER maintenance factor is to promote cell proliferation in the ridge. Based on our findings, we propose a model for
AER maintenance in the vertebrate limb. © 1998 Academic Press
INTRODUCTION
When the vertebrate limb bud first appears [at embryonic
day (E) 9.5 in the mouse], it consists of mesenchyme
surrounded by an ectoderm-derived epithelial jacket.
Shortly thereafter, signals from the mesenchyme induce the
overlying ectodermal cells at the apex of the limb bud to
change morphology and form a thickening called the apical
ectodermal ridge (AER) (Saunders, 1948; Kieny, 1960; Saun-
ders and Reuss, 1974). One role of the AER, as determined
through experimental studies carried out primarily in chick
embryos, is to signal the underlying mesenchymal cells,
known as the progress zone (PZ), to remain in an undiffer-
entiated state and promote limb bud outgrowth (Saunders,
1948; Summerbell et al., 1973; Summerbell, 1974). Three
members of the fibroblast growth factor (Fgf) gene family,
Fgf2, 4, and 8, are expressed in the AER and are able to
rescue normal limb outgrowth when ectopically applied to
limb buds devoid of an AER (Niswander et al., 1993; Fallon
et al., 1994; Crossley et al., 1996; Vogel et al., 1996). Thus,
some of these genes may encode endogenous ridge signals.
A second role of the AER is to maintain the zone of
polarizing activity (ZPA), a region of cells in the posterior
mesenchyme of the early limb bud that controls patterning
of the anterior–posterior (AP) axis of the developing append-
age (Saunders and Gasseling, 1968; Vogel and Tickle, 1993).
When the cells from the ZPA are transplanted to the
anterior mesenchyme of the contralateral limb bud, a
mirror image duplication of digital skeletal elements re-
sults (Saunders and Gasseling, 1968; Tickle et al. 1975). The
gene likely to encode the endogenous ZPA signal is Sonic
hedgehog (Shh), a vertebrate homologue of the Drosophila
segment polarity gene hedgehog (hh). Shh is expressed in
the developing limb in the region that delineates the ZPA,
and when Shh is ectopically expressed in the anterior
mesenchyme of the developing limb bud a mirror image
duplication of digits ensues (Riddle et al., 1993). Shh and
Fgf4 interact in a reciprocal positive feedback loop to
maintain the expression of one another (Laufer et al., 1994;
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Niswander et al., 1994). This interaction allows for the
coordinate patterning of the AP and proximal–distal (PD)
axis during limb development. Several other genes are
expressed asymmetrically in the posterior limb bud in
domains overlapping that of Shh including 59 Hoxd genes
(Dolle´ et al., 1989), Bmp2 (Francis et al., 1994), and Bmp4
(Jones et al., 1991). Some of these genes have been shown to
be activated by ectopic Shh expression in the anterior limb
bud and may play a role in patterning the AP axis as well
(Riddle et al., 1993; Francis et al., 1994).
In the past there have been a number of classical embryo-
logical studies that have addressed the maintenance of the
AER. For example, Saunders (1949) showed that the AER
collapses when an impermeable barrier is placed between
the AER and the underlying mesenchyme. Furthermore, it
has been shown that nonlimb bud mesenchyme is unable to
support limb bud outgrowth due to degeneration of the AER
(Zwilling, 1964). These, and other, embryological experi-
ments have led to the hypothesis that secreted signals
emanating from the distal limb mesenchyme are required
to maintain the AER (Zwilling and Hansborough, 1956;
Saunders and Gasseling, 1963). There has been an absence
of direct genetic or molecular data to support this hypoth-
esis, however, and the molecular nature of this factor and
the biochemical pathway in which it functions are un-
known.
In this report, we present data from a systematic charac-
terization of the semidominant mouse mutant Dactylapla-
sia (Dac). Heterozygous animals display an isolated limb
defect characterized by missing phalanges in the central
digits and homozygous animals are characterized by mono-
dactyly (Chai, 1981; Johnson et al., 1995). For the Dac
phenotype to express, however, heterozygous animals must
be homozygous for a recessive allele at an unlinked locus,
called mdac (Chai, 1981). The molecular nature of neither
Dac nor mdac is known but their respective genes have
been mapped to chromosomes 19 and 13 (Johnson et al.,
1995). The Dac phenotype is unique among known mouse
limb mutants but it strongly resembles that observed in
human split hand/split foot malformation (SHFM, Mcku-
sick 183600).
SHFM is a genetically heterogeneic disease which pre-
sents with missing central digits and fusion of the remain-
ing digits in the hands and/or feet. SHFM is typically
inherited as an autosomal dominant disorder and displays
marked variable expressivity in which one to four limbs can
be affected with a mild or severe defect. This human disease
also displays notable reduced penetrance in which 30% of
obligate carriers display no phenotype. The molecular de-
fect in SHFM also has not been determined. Nevertheless,
the chromosomal location of a number of the implicated
loci has been mapped (Faiyaz-ul-Haque et al., 1993; Scherer
et al., 1994; Nunes et al., 1995). One human locus, SHFM3,
has been mapped to human chromosome 10 in a region
syntenic to the Dac locus supporting the hypothesis that
the Dac mouse represents an animal model for the human
condition (Johnson et al., 1995).
The phenotype of SHFM represents a unique form of
ectrodactyly (missing digits) in which central digits are
preferentially affected. It has been suggested that a defect in
the central AER could give rise to this abnormality (Watson
et al., 1986; Roberts and Tabin, 1994). Furthermore, Zwill-
ing (1961) suggested deficiencies of the AER maintenance
factor could result in ectromelia or loss of some distal
skeletal elements. Taken together, it can be suggested that
the abnormality in SHFM and Dac mice may be a result of
a defect in AER maintenance.
Through cellular and molecular analyses we sought to
analyze the Dac phenotype and determine the develop-
mental defect giving rise to the abnormality. Here we
show that Dac mice have a defect in the maintenance of
the AER. We further provide evidence suggesting that the
failure to maintain the AER is due to reduction in the
amount of cell proliferation in the AER. A model for AER
maintenance is proposed where additional secondary sources
of AER maintenance activity are capable of partially com-
pensating for the Dac activity and that these signals are




Mice heterozygous for the Dac mutation on a SM/Ckc back-
ground were obtained from Jackson Laboratory (Bar Harbor, ME).
To obtain F1 offspring of the proper genetic background, the Dac
mice were crossed with wild-type BALB/cByJ mice (Jackson Labo-
ratory); both SM/Ckc and BALB/cByJ are homozygous for the
recessive mDac allele that is required to express the Dac phenotype
(Johnson et al., 1995). Affected F1 mice were then intercrossed to
generate F2 mice used in the study. Mating was allowed overnight
and noon of the day of evidence for a vaginal plug was considered
embryonic day (E) 0.5. Since the Dac gene has yet to be cloned,
genotypes of F2 animals were inferred by microsatellite marker
D19Mit10 which has been shown to be tightly linked to the Dac
mutation and informative for the two background strains used
(Johnson et al., 1995). Genotyping was performed by PCR analysis
of tail or yolk sac DNA (Hogan et al., 1994). Mice with two
BALB/cByJ alleles, one BALB/cByJ allele and one SM/Ckc allele,
and two SM/Ckc alleles were considered wild type, Dac/1, and
Dac/Dac, respectively.
Skeletal Analysis
The cartilaginous skeleton of E11.5–13.5 embryos was analyzed
by Alcian blue staining (Jegalian and De Robertis, 1992). Skeletal
analysis of adult and E18.5 specimens was performed by using
Alizarin red and combined Alcian blue/Alizarin red, respectively
(Lufkin et al., 1992).
RNA in Situ Hybridization Analysis
Whole-mount in situ hybridization analysis was performed as
described (Ang and Rossant, 1993). The Dlx5 probe was a full-
length cDNA obtained by probing a mouse embryonic cDNA
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library (Novagen) with a full-length human cDNA (our unpub-
lished data). A detailed analysis of the mouse Dlx5 expression
pattern will be published at a later time. The details of the
remaining probes have been reported elsewhere: Fgf8 (Crossley and
Martin, 1995), Fgf4 (He´bert et al., 1990), Fgf10 (Bellusci, et al.,
1997), Bmp2 (Lyons et al., 1989), Bmp4 (Jones et al., 1991), Hoxd13
(Dolle´ et al., 1991), Hoxd12 (Izpisu´a-Belmonte et al., 1991), Shh
(Echelard et al., 1993), and Wnt7a (Parr et al., 1993). A minimum of
five embryos of each genotype were analyzed in more than two
separate experiments for each probe analyzed.
Scanning Electron Microscopy
Embryos were dissected in PBS and fixed at 4°C in universal fix
(1% glutaraldehyde). After postfixation in 1% osmium tetroxide in
0.1 M phosphate buffer for 1 h, specimens were dehydrated in
graded alcohols. Specimens were then subjected to critical-point
drying, mounted on metal studs, sputter coated with gold particles,
and observed using a JEOL JSM 820 scanning electron microscope.
BrdU Labeling of Embryos
In vivo labeling of newly synthesized DNA and scoring of
replicating cells were performed as described by Gratzner et al.
(1982). BrdU (20 mg/kg body wt) was injected intraperitoneally into
pregnant females 3 h prior to sacrifice. Embryos were fixed in
ethanol, dehydrated, and paraffin embedded. Transverse sections (7
mm) perpendicular to the body axis were made. From a E10.5 limb
bud, 60–70 sections were collected and about 200 sections were
collected from each E11.5 limb. The position of anterior, middle,
and posterior sections was determined depending on the sequence
of sections and on the relation to other organs like heart and lung
buds. Extreme anterior and posterior sections and sections from the
middle 20% of sections were used for counting. The AER region
was defined by cell and tissue morphology. Total cells and BrdU-
positive cells were counted in at least four sections from two
embryos for each genotype and position. For counting total and
BrdU-positive mesenchymal cells, we defined an area of the distal
mesenchyme which is within 200 mm from the apex of the limb
bud. Following detection, tissue sections were counterstained with
hematoxylin (Sigma).
TUNEL Staining of Apoptotic Cells
The original TUNEL staining method of Gavrieli et al. (1992)
was used to detect apoptotic cells on tissue sections of E10.5 and
E11.5 embryos, except that 1 nM biotin-11-dUTP (Boehringer-
Mannheim) and 0.3 U/ml of terminal deoxynucleotidyl transferase
(Gibco BRL) were used in the nick-translation reaction. Incorpo-
rated biotinylated dUTP was detected by streptavidin–horseradish
peroxidase (Gibco BRL). Following detection, tissue sections were
counterstained with methyl green (Sigma).
RESULTS
Loss of Anterior and Central Bones of the Autopod
in Dac Mice
Dac has been considered a genetic and phenotypic mouse
model for split hand/split foot malformation in humans
because of their resemblance in appearance (Chai, 1981;
Johnson et al., 1995) and their syntenic map relationships
(Johnson et al., 1995). Prior to this study, however, the
morphology of the limbs of adult Dac mice had only been
briefly described (Chai, 1981; Johnson et al., 1995). There-
fore, to obtain a detailed understanding of the limb pheno-
type, the morphology and skeletal structure of mutant
limbs were analyzed in adult and E18.5 mice.
Our results showed that Dac/1 mice typically exhibited
loss of phalanges in the central digits in one to four limbs,
but digits 1, 4, and 5 were present (Fig. 1B). Bone fusion
between digits 4 and 5 at the level of the first phalange was
generally observed (Fig. 1B9). The heterozygous phenotype
was highly variable, however, and more severe (Figs. 1D and
1D9: central metatarsal absent) and less severe (Figs. 1C and
1C9: soft tissue fusion only) examples were found. This
extensive variability has also been seen in SHFM (McKu-
sick, 1992). Other bones of the autopod and the long bones
appeared to be unaffected in heterozygous Dac mice. The
skeletal structure and variation of severity in affected
forelimbs were similar to that seen in hindlimbs (data not
shown). Of the limb structures still present, there was no
obvious defect in dorsoventral (DV) patterning as deter-
mined by the presence of skin striations and dermal foot
pads on the ventral surface and fur on the dorsal surface of
the limbs (Figs. 1A–1D and data not shown). As revealed by
combined Alcian blue/Alizarin red staining, the skeletal
structure of Dac/1 mice at E18.5 was consistent with that
observed in the adult (Figs. 1F and 1I).
The majority of Dac/Dac mice died at birth in the genetic
background used and thus no adults were available for
analysis. The reason for this early mortality was not deter-
mined, but no other skeletal abnormality could be seen in
these mice other than those of the limbs (data not shown).
On the basis of combined Alcian blue/Alizarin red staining,
Dac/Dac mice examined at E18.5 consistently had only a
single posterior digit similar in size and morphology to digit
5 (Figs. 1G and 1J). Only posterior bones of the autopod
remained and these were sometimes dysmorphic (Figs. IG
and 1J). In addition, it was often found that the distal radius
was mildly affected (Fig. 1J). While premature ossification
of the talus was observed in some cases (Fig. 1G), ossifica-
tion appeared to proceed at a normal rate in general. The
structure of mutant limbs was further analyzed by scanning
electron microscopy (SEM). It was apparent that at E14.0
only digit 5 was present in homozygous mice (Figs. 3E and
3F). These results therefore suggested that the defect in
these mice was due to the loss of normal structures and not
malformation of existing elements.
Onset of the Dac Phenotype Prior to
Chondrogenesis in the Autopod
To determine the pattern of chondrogenesis of the
preskeletal elements of the autopod in mutant limbs, em-
bryos from E11.5 to E13.5 were analyzed by whole-mount
Alcian blue staining. At E13.5 Dac/1 mice showed a
reduction in the formation of the central digit blastemas,
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and posterior digits 4 and 5 were frequently fused at their
distal ends (Figs. 2H and 2K). These mice also displayed an
altered pattern of chondrogenesis of carpal and tarsal ele-
ments. In E13.5 Dac/Dac mice only a single digit and a
small number of carpal and tarsal elements could be ob-
served and the distal radius and tibia blastemas appeared to
be shortened (Figs. 2I and 2L). In addition, there appeared to
be a slight delay in chondrogenesis in the digits. Staining of
E12.5 embryos revealed an aberrant pattern and reduced
amount of cartilage formation in heterozygous mutants
(Figs. 2B and 2E). It was apparent that the overall size of the
hand plate was also reduced (Figs. 2B and 2E). This obser-
FIG. 1. Skeletal analysis of Dac limb phenotype. Palmer view
(A–D) and skeletal Alizarin red stain (A9–D9) of WT (A, A9) and
Dac/1 (B–D, B9–D9) adult hind limbs. Combined Alizarin red/
Alcian blue staining of E18.5 WT (E, H), Dac/1 (F, I), and Dac/Dac
(G, J) limbs. (B, B9) Dac/1 adult phenotype commonly missing
digits 2 and 3 and digits 4 and 5 fused at the level of the fist
phalange (arrow in B9). (C, C9) Less severe Dac/1 phenotype with
only soft tissue fusion between digits 1 and 2 and 4 and 5. (D, D9)
More severe Dac/1 phenotype displaying absence of digits and
metatarsals 2, 3, and 4 (arrow in D9). Dac/Dac frequently die at
birth and are not available for adult analysis. Similar phenotype and
variation are found in forelimbs (data not shown). (E, H) WT E18.5
hindlimb (E) and forelimb (H). Digits labeled anterior to posterior,
I–V in H. (F, I) E18.5 Dac/1 hindlimb (F) and forelimb (I); a similar
phenotype is observed to that found in adult limbs. Note the more
severe phenotype observed in the E18.5 Dac/1 forelimb showing
absent metacarpals (arrow in I). Dac/Dac E18.5 hindlimbs (G) and
forelimbs (J) display absence of digits 1–4 and digit 5 (labeled V),
with only posterior bones of the autopod remaining, some of which
are malformed. Reduction of the distal radius is also found (arrow
in J) and premature ossification of the talus has also been observed
(arrow in G).
FIG. 2. Whole-mount Alcian blue staining of E12.5 and E13.5 Dac
limbs. WT (A, D, G, J), Dac/1 (B, E, H, K), and Dac/Dac (C, F, I, L).
E12.5 (A–F) and E13.5 (G–L) forelimbs (A–C, G–I) and hindlimbs
(D–F, J–L) are shown. (B, E) Dac/1 E12.5 limbs display a reduction
in the size of the hand plate and abnormal pattern and amount of
chondrogenic tissue. (C, F) Dac/Dac E12.5 limbs display an exac-
erbation of the Dac/1 phenotype. Asterisks in B and C pinpoint
abnormal digital condensations. (H, K) E13.5 Dac limbs frequently
display absence of central digital condensations and show fusion of
the posterior digit blastemas. (I, L) Dac/Dac E13.5 limbs display a
single digit blastema and condensations for a small number of
autopodial elements. Chondrogenesis of the distal long bones
appears reduced as well (arrow in I and L).
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vation was also true for homozygous mutant embryos but
the phenotype was more severe (Figs. 2C and 2F). At this
stage distal autopodial condensations were observed but
they were abnormal in shape and size (Figs. 2B and 2C).
Therefore, it appeared that skeletal elements that were
absent in the adult limbs never formed in the embryo.
At E11.5 a disruption of the formation of the hand plate
was observed, but at this stage cartilage staining was not
detectable in the autopod, suggesting that the defect arises
prior to chondrogenesis (data not shown). The reduction in
the size of the hand/foot plate suggested that the loss of
skeletal elements could be due to the reduction in the
number of cells available for chondrogenesis in the distal
autopod.
Degeneration of the AER in Dac Limb Buds
The AER is required to maintain the underlying mesen-
chyme (the progress zone) in a proliferating state, thus pro-
moting limb outgrowth (Summerbell et al., 1973). Moreover,
in chick, removal of the AER leads to truncation of the distal
skeletal elements (Saunders, 1948; Summerbell, 1974). Since
the first observable morphological defect in Dac mice was a
reduction of the size of the hand/foot plate, prior to any
cartilaginous condensation of the distal autopod, we reasoned
that Dac mice may have a defect in the AER.
SEM was employed to determine if there was a morphologi-
cal alteration in the AER. At E10.5 the Dac/1 and the
Dac/Dac AER appeared morphologically unaltered compared
to wild-type littermates (Figs. 3A and 3B and data not shown).
At E11.5, however, there was a sporadic degeneration of the
AER in Dac/1 limbs (data not shown). In Dac/Dac mice most
of the AER had degenerated by E11.5 leaving only the poste-
rior region intact (Fig. 3D). Therefore, prior to E10.5 the AER
in both heterozygous and homozygous limbs appeared mor-
phologically normal but by E11.5 there was degeneration of
this structure in animals of both genotypes. These data sug-
gest that the AER was properly induced but failed to be
maintained in Dac mutant limb buds.
Loss of Expression of AER Markers in Mutant Limb
Buds at E10.5
Marker gene analysis was employed to characterize fur-
ther the defect in the AER. The expression patterns of AER
markers were analyzed in limb buds from E10 to E11.5 of
development. At E10, Fgf8 expression was found to be
normal in the forelimbs and hindlimbs of mutant embryos
(data not shown). Analysis of the expression of Fgf8 at
E10.5, however, revealed a lower level of expression in the
central AER of affected forelimb buds (Figs. 4B and 4C). The
expression of Fgf8 (Fig. 4B) in Dac/1 mice was highly
variable ranging from complete absence of expression in the
central third of the AER (Fig. 4B) to patchy expression
throughout the AER (Fig. 4F). This variation in gene expres-
sion correlated well with the variability of the heterozygous
skeletal phenotype. In Dac/Dac E10.5 forelimbs the expres-
sion of Fgf8 (Fig. 4C) was absent from the majority of the
AER except for the most posterior and anterior regions. It
was found that the expression of Fgf8 is unaltered in
hindlimbs of both heterozygous and homozygous animals
at E10.5 (Figs. 4A–4C). There is a 0.5-day developmental
delay of the hindlimbs with respect to the forelimbs during
mouse embryogenesis and, accordingly, an alteration of
Fgf8 expression was observed in E11.0 hindlimbs (Fig. 4D)
similar to that observed in E10.5 forelimbs. Furthermore, in
E11.0 forelimb buds of homozygous mice it was found that
only the posterior expression domain of Fgf8 remained (Fig.
4E). The expression of Fgf4, Bmp2 (Francis et al., 1994),
Bmp4 (Jones, et al., 1991), and Dlx5 (Crackower et al.,
unpublished data) was also examined during these develop-
mental stages and their expression profiles in the AER
appeared to be similarly affected to Fgf8 (Figs. 4H and 4I and
data not shown). From this it can be concluded that gene
expression in the central and anterior AER is affected in
Dac mice and that the stage of onset is approximately E10.5
in forelimbs. These data would further argue that prior to
E10.5 the function and morphology of the AER were unaf-
FIG. 3. Scanning electron microscopy of Dac limbs. WT (A, C, E)
and Dac/Dac (B, D, F) limbs were analyzed for morphology. (A, B)
At E10.5 the morphology of the AER is the same in WT and mutant
limb buds (arrowheads show AER). (C, D) By E11.5 most of the AER
has begun to degenerate in Dac/Dac limbs (hindlimb shown here)
except for the most posterior portion (indicated by arrow in D),
while AER remains intact in WT (arrowheads in C). (E, F) At E14.5
it is clear that only digit V remains in Dac/Dac limbs.
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fected supporting the hypothesis that the AER was induced
and differentiated normally in the mutant limb buds. To-
gether with the results of the SEM analysis described
previously, it would suggest that Dac mice have an isolated
defect in the maintenance of the AER.
Normal Mesenchymal Gene Expression in Dac
Limb Buds
The ZPA is known to interact with AER to coordinate PD
and AP patterning during limb development (Laufer et al.,
1994; Niswander et al., 1994). To determine if the AER
defect in Dac might be due to an alteration in the ZPA, the
expression of mesenchymal marker Shh was examined in
the mutant mice. The result showed that limb bud expres-
sion of Shh was unaltered at E10.5 (Figs. 5A and 5B) and up
to E11.5 (data not shown). Consistent with this observation,
the expression of Fgf4 is properly maintained toward the
posterior extremity of the AER (Figs. 4G–4I). In addition,
we studied AP patterning of the mutant limb through
examination of the expression profile of the most 59 Hoxd
genes and the results indicated that both Hoxd13 (Figs. 5C
and 5D) and Hoxd12 (data not shown) were normally
expressed at E10.5. These data are therefore consistent with
the Dac skeletal phenotype which shows a distinct AP axis.
FIG. 5. Analysis of AP patterning and Fgf10 expression in Dac
limb buds. The expression of Shh (A, B), Hoxd13 (C, D), Bmp4 (E,
F), and Fgf10 (G, H) was analyzed in E10.5 WT (A, C, E, G), Dac/1
(not shown), and Dac/Dac (B, D, F, H) limb buds. No difference in
pattern or amount of expression was observed between any of these
markers. Arrow in A and B points to a region of Shh expression in
posterior limb buds. Arrow and arrowhead in E and F point to
expression of Bmp4 in the posterior and anterior mesenchyme,
respectively. Arrowheads in G and H point to positive deep purple
staining for Fgf10 in the distal limb buds.
FIG. 4. Analysis of expression of AER markers using whole-
mount in situ hybridization. Expression of Fgf8 (A–F) and Fgf4 (G–I)
is shown. (A–C) Lateral view of WT (A) Dac/1 (B) and Dac/Dac (C)
E10.5 showing Fgf8 expression in the AER. At E10.5 strong staining
is observed through the AER in the forelimb and hindlimb in WT
embryos (arrow and arrowhead in A). In Dac/1 embryos at this
stage, absence of staining in the central AER is frequently observed
in forelimbs (arrowhead in B). However, the Dac/1 expression
pattern is highly variable. An example is shown in F where a
nonhomogeneous expression pattern is found where small arrow-
heads show regions of no or weak expression. (C) In Dac/Dac E10.5
embryos Fgf8 expression is absent from most of the AER (arrow-
heads) except for the most anterior and posterior regions. At E10.5
hindlimb expression is unaffected (arrow in A–C). (D) At E11.0
Dac/Dac hindlimbs display similar expression patterns to that of
E10.5 forelimbs with only anterior and posterior AER expressing
Fgf8 (arrowheads). (E) By E11.0 Dac/1 forelimbs only retain the
posterior domain of Fgf8 expression (arrowhead). (G–I) Similar
aberrant expression patterns are observed for Fgf4 (arrowheads
show regions of absent expression) as well as other AER markers
tested (data not shown).
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We also examined the expression patterns of additional
mesenchymal markers, including Bmp2, a biochemical
marker downstream of Shh and strongly expressed in the
posterior mesenchyme (Francis et al., 1994; Bmp4, also
expressed in the posterior mesenchyme but in addition
expressed in the anterior mesenchyme (Jones et al., 1991);
and Fgf10, a recently identified member of the Fgf family,
expressed in the prospective limb bud mesoderm and distal
mesenchyme of the early limb bud (Ohuchi et al., 1997).
The data showed that the mesenchymal expression of none
of these markers was affected in Dac limb buds at E10.5
(Figs. 5E–5H and data not shown). The result with Fgf10 is
particularly interesting because this distal limb mesen-
chyme marker has been shown to induce and maintain Fgf8
expression and a rudimentary AER upon ectopic expression
in chick limb buds (Ohuchi et al., 1997). Although Fgf10
might be a strong candidate for the endogenous ridge-
inducing signal and could play a role in AER maintenance,
its expression was not affected by the absence of Dac.
On the basis of the morphology of Dac limbs (Fig. 1), we
reasoned that genes regulating DV patterning would have a
normal expression profile. To confirm this assumption, we
examined the expression pattern of Wnt7a, a key regulator
of DV polarity during limb development (Dealy et al., 1993;
Riddle et al., 1995; Parr and McMahon, 1995; reviewed in
Zeller and Duboule, 1997). The result indicated that the
dorsal limb ectoderm expression of this marker was indeed
unaffected in mutant limb buds at E10.5 (data not shown).
Normal Programmed Cell Death in Dac Limb Buds
As previously described (Milaire and Rooze, 1983; Vaah-
tokari et al., 1996), a high level of programmed cell death
(PCD) could be detected in the wild-type AER at E10.5. This
suggested that a significant amount of cell death in the AER
at E10.5 was required for its proper function. Since the
degeneration of the AER in mutant limb buds by E11.5
could be due to an increase in PCD, TUNEL assay was
performed to assess the degree of PCD in mutant limb buds.
The results showed that there was little or no change in the
amount of death in the AER of affected limb buds compared
to wild-type littermates (n 5 4 for each genotype) (Figs. 6A
and 6B). In addition, very few apoptotic cells could be found
in the distal mesenchyme of wild-type and mutant limbs at
E10.5 and E11.5 (n 5 4 for each genotype) (Figs. 6A–6D).
Therefore, these results indicated that the small size of the
mutant limb bud was not due to excessive cell death in the
distal limb bud.
Lack of Cell Proliferation in Dac Limb Buds
By E11.5, limbs of affected animals were clearly smaller
in size compared with their normal littermates (see Fig. 2).
Since the absence of the AER should lead to a reduction in
the rate of cell proliferation in the underlying mesenchymal
cells (Summerbell et al., 1973), analysis of BrdU incorpora-
tion was performed to confirm this causal relationship. The
results showed that there was a high percentage of BrdU-
incorporating cells in the distal mesenchyme of WT limb
buds at E10.5, and there was no observed difference in
Dac/1 or Dac/Dac limbs (n 5 4 for each genotype) (Figs. 6E,
6F, and 6K). At this same stage, however, it was observed
that 42% of cells in the central AER of the wild-type buds
were BrdU-positive (n 5 4), while only 5% were positive in
the mutant limb buds (n 5 6) (Figs. 6G, 6H, and 6L). Thus,
these results suggested that the degeneration of the AER in
mutant limb buds is likely due to a lack of cell proliferation.
Furthermore, it was observed that the mutant AER, while
not proliferating, was morphologically normal at this stage
(compare Figs. 6G and 6H), strengthening the argument that
the AER developed normally prior to this stage.
Degeneration of AER was clearly evident in Dac/Dac
mice at E11.5 (Fig. 6J) and there was a significant decrease in
the proliferation of the underlying mesenchyme in the
central limb bud compared to that of wild-type littermates
(Figs. 6I–6K). Taken together, these results indicate that the
Dac mutation results in reduced cell proliferation in the
AER and suggest that the abnormality observed in the
mesenchyme of the mutant mice is due to the lack of a
functional AER.
DISCUSSION
Classical embryological studies in chick led to the hy-
pothesis that there was a secreted factor present in the limb
bud mesenchyme that maintains the AER (Saunders, 1949;
Zwilling and Hansborough, 1956; Saunders and Gasseling,
1963; Zwilling, 1964). In most instances these studies did
not specifically address the AER maintenance activity; the
idea of such an activity was formulated to explain the
observed effect that limb and nonlimb mesenchyme had on
AER morphology and maintenance. While the data from
these studies strongly argued for the existence of an AER
maintenance activity, it was not possible, based on these
indirect observations, to determine if this activity was
distinct from the activities of AER induction or differentia-
tion. Therefore, until now, the idea of an isolated AER
maintenance activity had remained hypothetical. The data
presented here show that Dac mice have a defect in the
maintenance of the AER, providing direct genetic evidence
for the existence of an AER maintenance activity. The data
also indicate that the AER maintenance activity that is
defective in these mice is distinct from AER induction and
differentiation.
Cell Death and Cell Proliferation in Dac Mice and
AER Maintenance
The fact that a significant reduction in cell proliferation
could be observed in the AER prior to any change in tissue
morphology of the Dac mutant strongly suggests that cell
proliferation in the AER is closely associated with, if not
itself, the primary defect in the Dac mice. Since the AER
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does not grow significantly in size during early stages of
limb development, the active cell proliferation is appar-
ently compensated by the high PCD at the same time
(Milaire and Rooze, 1983; Vaahtokari et al., 1996; this
study). A high rate of cell turnover in the AER is therefore
probably a process required for proper cellular differentia-
tion and morphogenesis of the limb structures. It is inter-
esting to note that the cells of the AER may not represent a
homogeneous population, as some cells appear to act as
stem cells while others follow a cell death pathway.
The reduction in the rate of cell proliferation in the
affected regions of the mutant AER was observed prior to
any change in tissue morphology. Since the amount of PCD
is naturally high in the AER and unchanged in the Dac
mutant AER, it is this failure to proliferate that results in
the degeneration of the tissue. The data shed new light on
the role of cell proliferation in the AER and argue that the
function of the AER maintenance factor is to promote cell
proliferation.
In contrast to the findings presented in this study, Seto et
al. have recently reported an observed increase in cell death
in the AER of Dac heterozygote limbs, using Nile blue
staining (Seto et al., 1997). They have reported strong
staining in the AER of E10.5 forelimb and hindlimb in 50%
of embryos from Dac/1 X wild-type litters. Interestingly,
they find little or no staining in the AER of the other 50%
of the embryos. From these observations the authors con-
clude that an increase in cell death in the AER is the cause
of the Dac phenotype. At this point there is no obvious
explanation for the discrepancies between the previous
report and the data presented here. Nevertheless, the stud-
ies here clearly show that there is no significant increase in
cell death in the mutant AER compared to the wild type.
We reason that the degeneration of the AER leads to the
decrease in cell proliferation in the progress zone and
subsequently a lack of cells available to give rise to the
skeletal elements. Previous studies have shown that re-
moval of the AER prior to stage 21 (Hamburger and Ham-
ilton, 1951) in chick embryos results in cell death of the
subridge mesenchyme (Rowe et al., 1982). If the AER is
FIG. 6. Analysis of BrdU incorporation and programmed cell
death in Dac limb buds. Analysis of programmed cell death by the
TUNEL detection method shows that at E10.5 PCD is high in WT
and mutant AER (A, B) but no difference is observed. A very low
number of cells positively label as apoptotic in E11.5 mesenchyme
of WT and mutant limb buds (C, D). Black nuclei are positive for
apoptosis. AER is highlighted with a bracket. At E10.5 cell prolif-
eration as measured by BrdU incorporation in the distal mesen-
chyme is the same in WT (E, K), Dac/1 (K), and Dac/Dac (F, K).
Close observation of E10.5 AER shows a substantial amount of
incorporation in the WT AER (G, L) and virtually a complete
absence of incorporation in the central AER of mutant limb buds
(H, L). Blow ups of box in E and F are shown in G and H,
respectively. At E11.5, a flattened AER is found in WT limb buds
(bracket in I) but no AER is found in the center of mutant limb buds
(J and data not shown). At this same stage a major reduction in cell
proliferation of the mesenchyme is found in Dac/Dac limb buds (J,
K) and an intermediate reduction is found in Dac/1 limb buds (K,
and data not shown). A comparison of anterior, middle, and
posterior sections was analyzed and shows that cell proliferation in
E10.5 AER is unaffected in the anterior and posterior limits of the
mutant limb (L). Brown nuclei are positive for BrdU incorporation.
The data shown in K are the percentage of incorporating cells 6
standard error measurement. For each data point four to five
sections were counted from at least two independent embryos. All
sections shown are taken from the center one-third of the AER
with respect to the AP axis.
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removed after stage 21, however, no cell death is observed,
but limb bud outgrowth is still affected. It was shown in
this study that there was little PCD in the mesenchyme of
the mutant limb buds following loss of the AER. This
observation is consistent with the results in chick embryos
since the AER is lost in Dac limb buds after E10.5 which is
developmentally comparable to stage 22/23 in the chick
(Hamburger and Hamilton, 1951).
AER Maintenance and the ZPA
In chick, the AER is thicker in the posterior than the
anterior limb bud. This difference has been interpreted to be
a result of stronger AER maintenance activity in the poste-
rior limb than in the anterior (see Zwilling, 1961, for
review). It has also been postulated that an increase in the
AER maintenance activity in the anterior limb bud is the
cause of polydactyly (Zwilling and Hansborough, 1956). It is
now known that polydactyly in many mouse mutants is
likely a result of ectopic Shh expression in the anterior limb
bud (Chan et al., 1995; Bu¨scher et al., 1997; Masuya et al.,
1997). Together, these observations suggest that the ZPA
has a close relationship to the AER maintenance activity.
On the other hand, studies in chick designed to address
the endogenous role of the ZPA in limb development have
shown that if the activity of the ZPA is blocked by inserting
an impermeable barrier through the limb bud that inter-
sects the AER, the AER is still maintained (Summerbell,
1979; Kaprio, 1981). Furthermore, data presented in this
study have shown that the expression of Shh, a marker for
the ZPA, is normal despite the loss of the AER maintenance
activity. Thus, while it is clear that the ZPA and the AER
maintenance activities are distinct, it is possible that the
ZPA does play a role in the initial induction of this AER
maintenance pathway and that ectopic ZPA may induce
ectopic maintenance activity. In addition, it is conceivable
that the ZPA may have a more direct local effect on the
maintenance of the AER in the posterior limb bud as will be
elaborated below.
Dac as a Model for AER Maintenance
In the Dac mice, the anterior and posterior AER remains
intact in heterozygous mice while the anterior AER is lost
(albeit more slowly than central tissues) with only posterior
AER remaining in homozygotes. Therefore, not all of the
AER is lost in Dac/Dac mice. The semidominant nature of
the Dac allele strongly suggests that it is a loss of function
mutation. Nevertheless, it is possible that the mutation
may not result in a complete loss of function. The data
suggest that the requirement for Dac is more stringent in
the central AER than in the anterior or posterior AER. We
propose a model for AER maintenance (Fig. 7) where the
Dac activity plays a role in the maintenance of the entire
AER, but additional or secondary secreted signal(s) originat-
ing from the posterior and anterior mesenchyme may
partially substitute for the Dac pathway. This model re-
quires that the anterior activity be weaker than the poste-
rior activity. The secondary maintenance activities would
be at lower levels in the central limb bud and thus be below
threshold amounts to compensate for the Dac pathway.
Hence, the central AER would be more susceptible to the
loss of Dac activity. In heterozygous animals, partial Dac
activity combined with moderate levels of the additional
FIG. 7. Model for AER maintenance in the mammalian limb bud. In this model we show Dac present in the distal mesenchyme.
Mesenchymal localization of Dac is used to represent the expression of the putative maintenance factor present in the pathway whose
function is disrupted in Dac mice. Mesenchymal localization of the Dac gene product, however, is not a prerequisite for this model. In
wild-type limb buds, the Dac pathway maintenance activity is expressed in the distal limb mesenchyme underneath the AER. Posterior
(Shh as a candidate) and anterior (Bmp4 as a candidate) localized maintenance activities diffuse from a local source. Gradients of
maintenance activity are created by overlapping activities from the Dac pathway and diffusing activities from the localized sources. A
threshold level of total activity from all sources is required to maintain the AER. The posterior activity is stronger or more abundant than
the anterior activity. In Dac/1 mice the activity of the Dac pathway is reduced by half, assuming Dac is a loss of function null allele. The
level of maintenance activity drops below threshold levels in the central AER leaving only the anterior and posterior ridge. In Dac/Dac mice
complete loss of Dac pathway activity leaves only the most posterior mesenchyme with sufficient activity to maintain the AER.
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activities would be enough to maintain the AER in the
intermediate region between the center and most anterior/
posterior limb. In the absence of Dac activity, however,
only high levels of the secondary factors would be able to
maintain an AER. An alternative hypothesis is of course
possible where the presence of the small amount of func-
tional AER in the homozygous mutants may be due to the
presence of residual Dac activity. We favor the previous
model since the latter would imply that the different
requirement for the Dac activity throughout the AER along
its AP axis would be intrinsic to the AER itself.
Candidates for the AER Maintenance Factor(s)
It has recently been suggested that Fgf10 plays a role in
the maintenance of the AER (Ohuchi et al., 1997). In this
study we do not detect any significant change in Fgf10
expression in Dac mice despite a defect in AER mainte-
nance (Fig. 6). It should be stated that an apparent, slight
decrease in expression of Fgf10 in mutant forelimbs is likely
a result of the failure of the AER to express Fgf8. It has been
shown that the expression of Fgf10 is dependent on Fgf8 in
chick limb experiments (Ohuchi et al., 1997). In addition,
no change can be observed in E10.5 hindlimb buds (data not
shown), where there is no loss of expression of Fgf8.
The molecular defect in these mice could be localized to
the AER and play a role in receiving, interpreting, or
processing the secreted maintenance signal and thus may
not effect expression of the secreted mesenchymal mainte-
nance factor. Localizing the defect in Dac mice to the
mesenchyme or AER utilizing heterografting studies be-
tween Dac ectoderm and chick limb bud mesenchyme will
prove to be informative in clarifying what role Fgf10 may
have in this process. Studies of ectopic Fgf10 in chick
strongly argue for its role in AER induction, as well as
maintenance (Ohuchi et al., 1997). The data presented here
show that AER maintenance is distinct from AER induc-
tion, and therefore, if Fgf10 does play a role in maintenance,
its expression or function may be differentially regulated
before and after E10.5 in mice.
Insulin has also been proposed as a possible AER main-
tenance factor. When the AER is cultured in the absence of
mesoderm, it rapidly dies (Boutin and Fallon, 1984). How-
ever, if the culture medium is supplemented with insulin,
the AER remains viable (Boutin and Fallon, 1984). Never-
theless, the endogenous role of insulin or its receptors in
AER maintenance is not known.
Both Shh and its downstream mediator Bmp2 are ex-
pressed in posterior mesenchyme and their expression is
unaffected in the Dac mice (Figs. 5A and 5B and data not
shown). They are strong candidates for the additional (or
secondary) AER maintenance signal localized to the poste-
rior limb bud. In support of this, Shh is known to be
required for the induction and maintenance of Fgf4 expres-
sion in the posterior AER (Laufer et al., 1994; Niswander et
al., 1994), an activity likely mediated by Bmp2 (Duprez et
al., 1996). Shh may also induce the Dac pathway, as
suggested by the studies on the polydactyly mice discussed
above. Moreover, Shh may have an additional, more direct
influence on AER maintenance because polydactyly could
be the result of a local influence of ectopic ZPA in the
anterior limb bud. Therefore, the complete loss of the
autopod in Shh mutant mice (Chiang et al., 1996) may be
due to a combined loss of local AER maintenance in the
posterior limb bud and failure to induce the Dac pathway.
Bmp4 may be considered a candidate for the anterior
maintenance activity since it has a localized expression
domain in the anterior mesenchyme (Jones et al., 1991) and
is normally expressed in the mesenchyme of Dac limb buds
(Figs. 5E and 5F). However, mice heterozygous for a loss of
function allele of Bmp4 have recently been shown to
display a limb phenotype of preaxial polydactyly (Dunn et
al., 1997), suggesting that this gene does not play a role in
AER maintenance.
Dac Mice and Human Split Hand/Split Foot
Malformation
As discussed previously, the Dac mouse is a model for
split hand/split foot malformation in humans and other
species (Chai, 1981; McKusick, 1992; Johnson et al., 1995).
Our present data would argue strongly that AER mainte-
nance is the general pathway affected in SHFM. Based on
the map location of the Dac mutation a number of candi-
date genes have been proposed (Johnson et al., 1995). The
most interesting of them is Fgf8. We have shown here that
the expression of Fgf8 is absent from the affected regions of
the AER in the mutant limb buds. Previous studies have
attempted to identify a mutation in the coding region of
Fgf8 in Dac mice to no avail (Seto et al., 1997). It remains
possible that a mutation in the cis-regulatory elements of
Fgf8 could alter the responsiveness of this gene to the AER
maintenance pathway, resulting in the observed defect.
Since more than one genetic locus are known to exist for
SHFM, this pathway would involve a number of compo-
nents. In the latter regard, we have been trying to identify
the gene responsible for SHFM1 associated with human
chromosome 7 in separate studies (Scherer et al., 1994;
Crackower et al., 1996). Several candidate genes have been
isolated which are expressed in the limb bud mesenchyme
and the AER and likely encode transcription factors (Crack-
ower et al., 1996; our unpublished observations), but it is
unclear what role they play in limb development. This
study of Dac has provided us with valuable insights into
genes that might play a role in controlling cell proliferation
in the AER.
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